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Some ideas about climate knowledge 
}  	A	Vast	Machine	

}  A	history	of	climate	science	as	a	global	knowledge	
infrastructure	—	data,	theory,	models,	devices	
}  Infrastructure:	reliable,	ubiquitous,	invisible	except	on	breakdown		

}  Thinking	globally	
}  Making	global	data	
}  Making	data	global	
}  Friction:	data	and	computation	
}  Infrastructural	inversion	as	a	method	

}  …and	the	problems	it	creates	
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1872	War	Dept.	weather	map	



Synoptic	map	of	the	northern	hemisphere,	5	May	1914	
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 Global coverage by surface stations 

Source:	Hansen	&	Lebedeff	(1987),	“Global	Trends	of	Measured	Surface	Air	Temperature,”	JGR	



L.F. Richardson’s “forecast-factory” (1922) 

Illustration	by	François	Schuiten	(1990s)	
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Numerical weather prediction models 

}  Operational	since	
1955	

}  Simulate	evolution	
of	initial	state	
(observations)	

}  Forecast	models	
drove	need	for	more	
data	
}  How	to	fill	empty	
gridpoints?	

}  How	to	reconcile	
heterogeneous	data	
sources?	



Data	from	points		
(1600s	to	present)…	





…	and	data	from	lines	(1950s	to	present)…	



…	to	data	from	volumes		
(1970s	to	present)	



World 
Weather 
Watch 

• 	initial	planning	early	1960s	
• 	operational	about	1968		



Forecast skill improvement:  
US Weather Service, 1955-2010 

Despite the remarkable advances over the past 50 years, some formidable challenges remain. Sudden
weather changes and extremes cause much human hardship and damage to property. These rapid develop-
ments often involve intricate interactions between dynamical and physical processes, both of which have fast
and slow time-scales. The effective computational coupling between the dynamical processes and physical
parameterizations is a significant challenge. Nowcasting is the process of predicting changes over periods of
a few hours. Guidance provided by current numerical models occasionally falls short of what is required to
take effective action and avert disasters. Greatest value is obtained by a systematic combination of NWP prod-
ucts with conventional observations, radar imagery, satellite imagery and other data. But much remains to be
done to develop optimal nowcasting systems, and we may be optimistic that future developments will lead to
great improvements in this area.

At the opposite end of the time-scale, the chaotic nature of the atmosphere limits the validity of determin-
istic forecasts. The ensemble prediction technique provides probabilistic guidance, but so far it has proved
quite difficult to use in many cases. Interaction between atmosphere and ocean becomes a dominant factor
at longer forecast ranges. Although good progress in seasonal forecasting for the tropics has been made,
the production of useful long-range forecasts for temperate regions remains to be tackled by future modellers.
Another great challenge is the modeling and prediction of climate change, a matter of increasing importance
and concern.

Perhaps the most frequently quoted section of Richardson’s book is Section 11.2, ‘The Speed and Organi-
zation of Computing’, in which he describes in detail his fantasy about a Forecast Factory for carrying out the
process of calculating the weather.

Imagine a large hall like a theatre, except that the circles and galleries go right round through the space
usually occupied by the stage. The walls of this chamber are painted to form a map of the globe. The ceiling
represents the north polar regions, England is in the gallery, the tropics in the upper circle, Australia on the
dress circle and the antarctic in the pit. A myriad computers are at work upon the weather of the part of the
map where each sits, but each computer attends only to one equation or part of an equation. The work of
each region is coordinated by an official of higher rank. Numerous little ‘‘night signs’’ display the instan-
taneous values so that neighboring computers can read them. Each number is thus displayed in three adja-
cent zones so as to maintain communication to the North and South on the map. From the floor of the pit a
tall pillar rises to half the height of the hall. It carries a large pulpit on its top. In this sits the man in charge
of the whole theatre; he is surrounded by several assistants and messengers. One of his duties is to maintain
a uniform speed of progress in all parts of the globe. In this respect he is like the conductor of an orchestra
in which the instruments are slide-rules and calculating machines. But instead of waving a baton he turns a

Fig. 4. Skill of the 36 hour (1955–2004) and 72 hour (1977–2004) 500 hPa forecasts produced at NCEP. Forecast skill is expressed as a
percentage of an essentially perfect forecast score. Thanks to Bruce Webster of NCEP for the graphic of S1 scores.
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Forecast	quality,	expressed	as	a	percentage	of	a	“perfect”	forecast		
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The trade winds (Halley 1686)  



Isotherms (von humboldt, 1817) 

		



The global circulation (Ferrel 1860) 



The global circulation: a recent view 



Callendar 1938: is CO2 causing global warming? 
Global temperature from ~150 stations, 1890-1937 



Callendar 1938: is CO2 causing global warming? 
Discussion at the Royal Meteorological Society 

}  “Coincidence….	one	of	the	peculiar	variations	in	all	
meteorological	elements”	—	G.	Simpson	

}  Temperature	increase	explained	by	changes	in	general	
circulation	—	C.E.P.	Brooks	

}  Change	in	heat	absorption	would	produce	complex	
circulation	effects,	not	simple	temperature	rise	—	D.	Brunt	



Computer models of the atmosphere 

}  Simulations	of	the	
climate	system	
}  Run	to	equilibrium	
(initial	state	
unimportant)	

}  Statistical	
properties,	not	day-
to-day	weather,	are	
of	interest	

}  Problem:	where	to	
get	data	for	
validating	climate	
models?		



Increasing 
resolution in 
climate 
simulations 
 

1990	

1996	

2000	

2007	



Physical 
processes 
included in 
climate models  
 
 



Climate sensitivity from GCMs 

Assessment Range of GCM 
results (°C) 

Equilibrium climate 
sensitivity  "Best guess" (°C) 

NAS 1979 2-3.5 1.5-4.5 3 

NAS 1983 2-3.5 1.5-4.5 3 

Villach 1985 1.5-5.5 1.5-4.5 3 

IPCC 1990 1.9-5.2 1.5-4.5 2.5 

IPCC 1992 1.7-5.4 1.5-4.5 2.5 

IPCC 1994 not given 1.5-4.5 2.5 

Bolin 1995 not given 1.5-4.5 2.5 

IPCC 1995 1.9-5.2 1.5-4.5 2.5 

IPCC  2001 2.0-5.1 1.5-4.5 2.5 

IPCC 2007 2.1-4.4 2-4.5 3 

IPCC 2013 2.1-4.7 1.5-4.5 not given 
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Data assimilation: 1960s 



Simulated data are better than real data 
}  Observations	are	samples	of	huge	volume	
}  Model-produced	data	have	much	higher	resolution	than	
observations	

“A realistic global [analysis] model can be viewed as a 
unique and independent observing system that can 
generate information at a scale finer than that of the 
conventional observing system” (Bengtsson & Shukla 1988) 



Surface Wind Obs, 28 Aug 1985 

25-30 Aug 1985: 
breakdown in Global 
Telecomm. System 
 
Almost no N. African 
data were transmitted 



ECMWF Analysis, 28 Aug 1985 



ECMWF 24-hr Forecast for 29 Aug 1985 



Meteosat Photo — N. Africa, 29 Aug 1985 



Data friction 
}  Data	are	things	
}  Collect,	process,	move,	store,	manage,	provide	access…	

Entry	hall,	US	National	Weather	Records	Center,		Asheville	NC,	early	1960s		



Source: Palutikof and Goddess, 1986 



Changes in 
instrumentation 
(Karl et al. 1993) 



Changes in standard observing hours 
 (Karl et al. 1993) 



Northern hemisphere snow cover from NOAA polar orbiting satellites, 
processed using a consistent data reduction algorithm (solid line) vs. the same 

data as processed by earlier algorithms (dashed line).  

Changes in data models 



Infrastructural inversion as a method 
}  Exposing	the	
infrastructure	to	find	and	
fix	data	problems	

}  …a	fundamental	method	
in	climate	science	
	



Source:	IPCC	AR4,	2007	



Infrastructural inversion at work: 
Making data global 

}  Köppen	1881:	fewer	than	100	stations	
}  Callendar	1938:	about	200	stations	
}  Willett	1950:	183	stations	
}  Callendar	1961:	450	stations	
}  Mitchell	1963:	183	stations	

Ò Jones	et	al.	1986:	2194	stations	
Ò Brohan	et	al.	2006:	4349	stations		
Ò Muller	et	al.	2012	:	39,340	stations	



Berkeley Earth (2012 published, after peer review) 
Global land surface average temperature 
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10−year moving average of surface temperature over land
Gray band indicates 95% uncertainty interval



Making global data and making data global: 
Reanalysis (ERA, NCEP) vs. observations  
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The Scientific Integrity Hearings, 1995  

“Hurrell	and	Trenberth	estimate	the	temperature	
of	the	atmosphere	through	a	simple	linear	
regression	model…,	and	a	global	climate	model	
simulation	…,	[but]	the	MSU	data	actually	measure	
the	temperature	of	the	free	atmosphere.”		

	 		

	 	—	John	Christy,	testimony	to	House	Science	Committee	



Satellites vs. radiosondes (1996) 

Satellite-masured 
temperature

Balloon-measured 
temperature



Weighting functions for 
Microwave Sounding 
Unit channels 1-4, 
used to create a 
vertical atmospheric 
temperature profile 
from top-of-
atmosphere radiances 
in four spectral bands 
(channels) 



Tilting the line: 
satellites vs. 
radiosondes ca. 
1999 

Source:  W. Soon et al., “Environmental Effects of Increased Atmospheric Carbon Dioxide,” Climate Research 13, no. 2 (1999): 153. 



Tilting the line: UAH D (1999) vs. UAH 5.2 
(2005) and RSS 3.0 (2007) 

Source: Keller 2008, “Global Climate Change:  A Review of this Mostly Settled 
Issue,” Stochastic Environmental Research and Risk Assessment 23:5, 643-676 



Tilting the line: surface vs. satellite TLT 
(lower troposphere), 2008 
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Global temperature anomaly in surface data (HadCRUT3) vs. lower-
troposphere MSU data from UAH V5.2 and RSS V3.2. Graphic by Robert A. 

Rohde. 



TMT (middle troposphere): RSS v4.0 (blue, 
applying new diurnal adjustment) vs. RSS 3.3 

Source:	Mears	&	Wentz	(2016),	“Sensitivity	of	Satellite-Derived	Tropospheric	
Temperature	Trends	to	the	Diurnal	Cycle	Adjustment,”	Journal	of	Climate	





From A. Watts, “Is the U.S. Temperature 
Record Reliable?”, Heartland Institute, 
2009 

MMTS = Maximum/Minimum Temperature 
System (electronic thermistor)  

“We were shocked by 
what we found… 9 of 
every 10 stations are 
likely reporting higher 
or rising temperatures 
because they are 
badly sited (p. 3)” 



“Station quality ratings obtained from NOAA/NCDC via this source: 
Climate Reference Network Rating Guide - adopted [sic] from NCDC 
Climate Reference Network Handbook, 2002, specifications for siting 
(section 2.2.1)” 
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Figure 1. USHCN exposure classifications according to surfacestations.org (circles and $%'#

triangles).  Filled symbols are in agreement with independent assessments by $%(#

NOAA/National Weather Service Forecast Office personnel.  Ratings are based on criteria $$)#

similar to those used to classify U.S. Climate Reference Network stations.  In this analysis, $$"#

ratings 1 and 2 are treated as “good” exposure sites; ratings 3, 4 and 5 are considered $$!#

“poor” exposure sites.   $$%#

Source:  “V1.05 USHCN Master Station List”.  (Note this file was downloaded from $$$#

www.surfacestations.org in June 2009, but is indicated as having been updated on $$*#

04.18.2008.  A more complete set of USHCN station classifications as referenced in Watts $$+#

[2009] was not available for general use at the time of this analysis). $$&#

!$$'#

$$(#

USHCN exposure classifications according to surfacestations.org (circles and triangles).  Filled 
symbols are in agreement with independent assessments by NOAA/National Weather Service 
Forecast Office personnel.  …Ratings 1 and 2 are treated as “good” exposure sites; ratings 3, 4 
and 5 are considered “poor” exposure. 
 
Source:  “V1.05 USHCN Master Station List”.  (Downloaded from www.surfacestations.org in June 
2009.  A more complete set of USHCN station classifications as referenced in Watts [2009] was not 
available for general use at the time of this analysis).  

Menne et al. 
(2010), Fig. 1  
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Figure 7. Comparison of the CONUS average annual (a) maximum and (b) minimum $%&#

temperatures calculated using USHCN version 2 adjusted temperatures [Menne et al. 2009] $&'#

and USCRN departures from the 1971-2000 normal.  Good and poor site ratings are based $&(#

on surfacestations.org as in Fig. 1. $&!#

!$&)#

#$&$#

#$&*#

$&+#

“Comparison of the [continental US] average annual (a) maximum and (b) 
minimum temperatures calculated using USHCN version 2 adjusted 
temperatures [Menne et al. 2009] and USCRN departures from the 1971-2000 
normal. Good and poor site ratings are based on surfacestations.org.”  
 
Source: Menne et al., "On the reliability of the U.S. Surface Temperature Record,” J. 
Geophys. Research (2010),  Fig. 7 
 



Menne et al. (2010) 

}  Conclusion:	widespread	poor	site	exposure	in	USHCN	is	
real,	but…	
“The	bias	in	unadjusted	maximum	temperature	data	from	
poor	exposure	sites	relative	to	good	exposure	sites	is,	
on	average,	negative...	

Adjustments	applied	to	USHCN	Version	2	data	largely	account	
for	the	impact	of	instrument	and	siting	changes,	although	a	
small	overall	residual	negative	(“cool”)	bias	appears	to	
remain…	

We	find	no	evidence	that	…US	temperature	trends	are	
inflated	due	to	poor	station	siting.”	
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Some lessons 
}  Climate	knowledge	is	real	and	well	settled	

}  Strong,	stable,	very	old	infrastructure	
}  Not	“uncertain”	in	ordinary	sense	

}  Data	are	made,	not	born	
}  Global	data	are	always	produced	by	a	combination	of	

observation	and	modeling	

}  Infrastructural	inversion	is	a	fundamental	method		
}  Constantly	surfaces	data	problems	and	generates	new	

versions	of	data	

}  Despite	convergence,	data	instability	can	always	be	
used	to	provoke	doubt	



Climate models vs. observations 

Source: IPCC AR5 (2013), Figure 10-1 



Climate models vs. control Earth 

Source: IPCC AR5 (2013), Figure 10-1 



Versions of the future 


